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The high temperature phase boundaries of CO2 in the proximity of the Earth’s adiabat are deter-
mined using first-principles molecular dynamics simulations based on density functional theory. The
melting curve, predicted here up to 71 GPa, and the molecular to polymeric solid phase transition
are computed through a phase coexistence approach from free energy calculations. The resulting
CO2 phase IV-phase V-liquid triple point is at 31.8 GPa and 1636 K, in excellent agreement with
available experimental data. The Earth’s geotherm crosses into the non-molecular phase V near
40 GPa and 2160 K, indicating that free deposits of carbon dioxide in the lower mantle would exist
as a polymeric solid. We have also examined the thermodynamic stability of phase V and find no
indication that is transforms into a dissociated diamond and oxygen phase at mantle conditions.

PACS numbers: 761.50.Ks, 763.20.D-, 771.15.Pd, 771.15.Mb

I. INTRODUCTION

Carbon dioxide plays a fundamental role in the physics
and chemistry of the Earth’s interior and its climate.
Carbon enters the mantle during subduction of carbon-
bearing minerals - mostly carbonates - at the ocean
floors. COg is subsequently released in the mantle (and
into the atmosphere during volcanic activity) as a prod-
uct of decarbonation reactions. At the high pressure (P)
and temperature (T') conditions found deep within the
earth, COgz is known to undergo polymerization transi-
tions both in its solid and liquid states. 12%:36:43 The
solid-solid-liquid and liquid-liquid-solid triple points re-
sulting from these transitions are projected to be in
close proximity to the mantle adiabat.¢11713:25:26 Pre_
cise knowledge of the thermodynamic properties of car-
bon dioxide, including its phase boundaries, is therefore
important for determining the chemical reactions taking
place within the mantle and the depth at which they take
place.

The solid-solid phase transitions in COs have been
the subject of numerous theoretical and experimental
studies. At low P and T, COy crystallizes into dry ice
(phase I — amolecular solid with cubic Pa3 symmetry).14
Above 10 GPa, dry ice transforms into the metastable or-
thorhombic phase IIT (C'mca).>%16 At higher tempera-
tures and comparable pressures, three additional molec-
ular phases have been observed: phase II (P4s/mnm),
which is thermodynamically stable in the region of the
metastable phase III, phase IV (R3c), and phase VII
(Cmeca).310:12.17:18 Fyrther compression yields transfor-
mations to extended polymeric solids, including an amor-
phous phase™® at low T, and the finite-temperature
phases IV and V (B-cristobalite 142d).1:6:11,19-22,46

Establishing the phase diagram of COs, especially at
elevated temperatures, has proven to be rather chal-
lenging. A main source of difficulty for both exper-
iment and theory originates from its high degree of
metastability**4°. As a result, the observed properties
are very sensitive to the experimental techniques being

used (e.g. for heating) and the P-T phase path be-
ing transversed. Thus, the structure of phase V has
only recently been established conclusively??4% and mea-

surements of the melting are limited to pressures below
35 GPa.910,13,23,24

The latest experiments'® project that the melting
curve of phase V reaches the mantle adiabat just above 35
GPa, where it ends in a triple point formed by solid phase
V, fluid CO5 and a dissociated C and O5 phase. Accord-
ing to these projections, solid polymeric COy (phase V)
is stable in a very small region within the mantle. At
P > 40 GPa or depths below 1000 km along the Earth’s
geotherm it decomposes into carbon and oxygen. The is-
sue of COg stability is critical for determining the oxygen
fugacity in the mantle and for understating the forma-
tion of diamond and the oxidation of lower-mantle ma-
terials.!®. However, without in situ measurements, the
interpretation of the experimental data is not straightfor-
ward and previous experimental works*!3:26:27 have led
to conflicting conclusions regarding the phase separation
of COs.

Theoretical predictions of the melting curve are scarce.
Recent single-phase calculations starting from liquid CO9
have provided an estimate for the melting curve up to
140 GPa.?® According to these data, which are a lower
bound to the true melting temperatures, the mantle adi-
abat enters phase V at P around 60 GPa. Given the
complexity of the CO5 phase diagram in the proximity
of the geotherm, it is clear that a more accurate theoreti-
cal description of the high temperature phase boundaries
is required. Furthermore, the calculations2® showed that
dense liquid carbon dioxide does not phase separate up
to 200 GPa and 10,000 K, but the thermodynamic sta-
bility of solid phase V has not been examined yet. Ac-
cordingly, the purpose of this article is: (1) To predict
from first principles the melting curve of carbon dioxide
in the region where it crosses the mantle adiabat, as well
as the finite-temperature solid-solid phase boundary be-
tween the molecular and polymeric phases IV and V; (2)
To determine the stability of CO2-V with respect to C +



O phase separation; and (3) To provide thermodynamic
data that would be of use to study the chemical reactions
taking place within the Earth.

II. COMPUTATIONAL DETAILS

To compute the melting curve using a solid-liquid co-
existence approach, we carried out first principles molec-
ular dynamics (FPMD) simulations using finite-T den-
sity functional theory (DFT) with PBE-GGA exchange-
correlation?®2? using the VASP code.??3! Our simula-
tions were performed in the canonical ensemble (constant
N, V,and, T) using a 0.75 {s ionic time-step and a Nosé-
Hoover thermostat.3?33 Supercells containing 96 atoms
were used for the liquid as well as solid phases I and V,
while 72 atoms were used for phase IV. All calculations
were performed using 4- and 6-electron projector aug-
mented wave (PAW) pseudopotentials®43 for the carbon
and oxygen atoms, with 1.50 and 1.52 Bohr core radii
and a 500 eV planewave cut-off. The accuracy of these
pseudopotentials was rigorously tested in our previous
work,36 including comparisons with 1.10 Bohr core radii
PAW pseudopotentials for both C and O with a 900 eV
planewave cut-off and an all-electron oxygen PAW pseu-
dopotential with a 2000 eV planewave cut-off. The Bril-
louin zone was sampled at the I'-point, which gave the
desired level of accuracy (~ meV/atom) when compared
with larger k-point grids. At each P-T point considered,
the solid and liquid phases were equilibrated for 3 ps and
continued for an additional 10 ps to gather sufficient sta-
tistical information.

To construct finite-temperature phase boundaries be-
tween the solid and liquid phases, we computed the Gibbs
free energies of each phase at various pressures and tem-
peratures. The Gibbs free energy, G = (U)+(P)V —-TS,
where (...) represents an ensemble (time) average, is com-
puted using a fixed number of atoms N, volume V', and
T from FPMD simulations as follows: (U) = (E)+ (K E)
is the sum of the Kohn-Sham energy and the kinetic en-
ergy of the ions, P = —dE/dV + NkpT/V, and S is the
entropy. The relative stability of the different phases is
determined by calculating G as a function of P at fixed
T.

The entropy of the solid phases is obtained by inte-
grating the vibrational density of states (VDOS), which
is the Fourier transform of the velocity auto-correlation
function (VACF). Although anharmonicity is present to
a certain extent in the simulated VDOS, a harmonic
partition function is used to calculate the entropy. To
fully account for anharmonic effects at high tempera-
ture, we compute corrections to the free energies ob-
tained from the VDOS using thermodynamic integration
(TT).3” In doing so, FPMD simulations were carried out
for a system with a potential energy function of the form:
U(\) =Uy+ AUy — Uyp), where Uy is the potential en-
ergy of a reference system with a known free energy and
U, is the potential energy of the system under investiga-
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FIG. 1: Pressure dependence of the Gibbs free energy of the
liquid (blue squares) and molecular solid phase IV (red circles)
at 1500 K. The crossing of the two curves indicates a melting
pressure of 29.2 GPa.

tion. Here, \ is a coupling parameter that ranges from
zero to unity. The Helmholtz free energy difference be-
tween the two systems is given by,

A= /01 “ <8[gg‘/\)>N,V,T,)\ . .

The value of (1) is calculated numerically by perform-
ing simulations in a canonical ensemble with a Langevin
thermostat while varying the coupling parameter. Values
from 0 to 1 in intervals of 0.1 have been used for A. For
a reference system, we have chosen an Einstein crystal
with harmonic spring constants fitted to reproduce the
Helmholtz free energies obtained from the partial VDOS
of C and O atoms. With this choice, equation (1) rep-
resents the full anharmonic correction to the T'S term
computed from the VDOS.

The entropy of liquid COs has been computed by de-
composing its partial DOS into solid- and gas-like compo-
nents for both C and O atoms.?®:3 The solid-like parts of
the liquid DOS are integrated using a harmonic approx-
imation as mentioned above and the gas-like parts are
treated using a hard-sphere model which includes anhar-
monicity. This is an approximate but efficient method
and its accuracy for mono- and multi-component systems
has been examined in refs. 39 and 40.

III. RESULTS AND DISCUSSION

Fig. 1 shows the Gibbs free energies for the liquid and
molecular solid phase IV along the 1500 K isotherm. The
crossing at 29.2 GPa indicates the melting pressure at
this temperature. The Gibbs free energies for the liquid
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FIG. 2: Pressure dependence of the Gibbs free energy of the
liquid (blue squares) and polymeric solid phase V (red circles)
at 2000 K. The crossing of the two curves indicates a melting
pressure of 38.9 GPa.
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FIG. 3: Gibbs free energy as a function of pressure of liquid
(blue squares) and polymeric solid phase V at 4000 K where
the entropy of the solid has been computed using the VDOS
within a harmonic approximation (red circles and solid line)
and with anharmonic corrections obtained from thermody-
namic integration (red diamonds with dotted line).

and polymeric solid phase V along the 2000 K isotherm
are shown in Fig. 2. The two curves give a melting pres-
sure of 38.9 GPa at 2000 K. The entropies of the solid
phases used to compute the free energies in Figs. 1 and
2 were obtained using the VDOS within a harmonic ap-
proximation.

Fig. 3 shows the Gibbs free energies for liquid COq
and polymeric phase V, indicating melting at 4000 K
near 65.8 GPa within a harmonic approximation for the

solid entropy. However, at higher-temperatures, the role
of anharmonic contributions to the entropy become more
important. To investigate the effect of these anharmonic
contributions, we have used thermodynamic integration
to compute the exact free energy of the solid at high tem-
perature. The decrease in solid entropy when including
anharmonic corrections results in a 5.4 GPa increase in
the melting pressure at 4000 K (see Fig. 3).

The calculated melting points together with experi-
mental data are summarized in a new P-T phase dia-
gram in Fig. 4. We achieve excellent agreement with
experiment for the low-P melting curve calculations and
the finite-T" phase boundary between phases IV and V.
Our predicted liquid-phase IV- phase V triple point at
31.8 GPa and 1636 K also agrees very well with re-
cent experimental measurements (P = 33 + 2 GPa and
T = 1720 £ 100 K) from ref. 13.

The Earth’s geotherm (taken from ref. 41) crosses our
calculated melting line above 40 GPa and 2160 K and
lies below the melting line up to 71 GPa. Therefore, any
free deposits of CO5 deep in the Earth’s lower mantle
would prefer a polymeric solid state over a fluid one. This
may have important implications for our understand-
ing of the rheological weakening and melting of mantle
rocks, especially near the core-mantle boundary where
fluid CO2 was thought to play a major role alongside
other volatiles.!+42

To check the consistency of our melting curve calcu-
lations, we have computed the slopes of the solid-liquid
transition line using the Clausis-Clapeyron relation:

dP  AH

dT ~ TAV’ (2)

where AH and AV are the differences in enthalpy and
volume between the coexisting phases. Equation (2) is
solved by interpolating H and V obtained from NVT
simulations at each computed melting point. Fig. 4 shows
the resulting tangent lines from the Clausis-Clapeyron
slopes for our melting curve which appear to be consistent
with each neighboring melting point.

Finally, we examine the reported phase separation of
CO5-V into C and O above 40 GPa and 2000 K.%13:26
For this purpose, we have computed the Gibbs free en-
ergy of mixing between the mixed (COs phase V) and
the de-mixed (diamond + €-O3) phases. These are the
phases that have been observed in previous experiments
under such conditions. We have computed the Gibbs free
energy of mixing per atom (AG = Geo, — (Gaiamond +
2G._0,)/3) near 70 GPa and 3000 K, well above the pro-
posed experimental boundary. Using the VDOS method
to compute the entropy of each solid phase, we find we
find AG = —1.01 eV/atom under these P-T' conditions,
indicating the mixed state (i.e. CO2 phase V) is thermo-
dynamically preferred. It is worth noting that this large
difference in free energies is well outside any uncertain-
ties or approximations in our methods, both numerical
and exchange-correlation. The lack of phase separation
predicted here is consistent with experimental reports on
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FIG. 4: Computed melting curve points (red squares) and phase IV-V finite-T" transition points (blue diamonds). Available
experimental data for the melting curve and solid phase boundaries are indicated by black triangles and dashed lines, respectively
(experimental triple point is indicated by the black circle).>'%3:23:24 Qur calculations predict a liquid-phase IV- phase V triple
point (purple circle) at 31.8 GPa and 1636 K and a geotherm crossing near approximately 40 GPa and 2160 K. Melting
curve slopes were computed at each point using the Clausius-Clapeyron equation (thick red lines). The high-pressure phase-
V melting curve (dashed red line) was obtained using a Kechin fit with parameters a = 2.0983881 GPa, b = 0.20921060,

c = —0.0053306386 GPa™', Ty = 2000 K, and Py = 38.872 GPa.

the decarbonation of compressed MgCQO3 into polymeric
solid CO, with no signs of diamond formation.?” More-
over, this is also in line with our recent work on high-
pressure fluid CO5.2°

TABLE I: Computed thermodynamic quantities of liquid and
solid (phase V) CO2 at pressure and temperature conditions
found near the the Earth’s geotherm. The symbols are defined
in the text.

phase T(K) P(GPa) V(A®/ion) G(eV/ion) S(kp/ion)

Solid 1500 26.58 9.174 -6.2462 5.752
31.50 8.744 -5.9755 5.662
36.98 8.399 -5.7036 5.724
Liquid 1500 26.91 9.479 -6.2576 6.702
31.24 9.084 -5.9634 6.249
35.00 8.700 -5.7043 6.176
Solid 2000 29.77 6.993 -6.2666 5.319
35.02 6.829 -6.0291 5.198
40.21 6.681 -5.8177 5.186
45.77 6.540 -5.5816 5.097
Liquid 2000 28.69 9.479 -6.4254 7.386
33.07 9.084 -6.1944 7.393
38.92 8.700 -5.8693 7.333
42.66 8.433 -5.6073 6.862

IV. CONCLUSION

We have used FPMD to compute the high-pressure
melting curve of COs up to approximately 70 GPa us-
ing a solid-liquid phase coexistence approach by calcu-
lating finite-temperature free energies of solid and liquid
phases. The calculated melting curve and liquid-phase
IV-phase V triple point are in very good agreement with
available experimental data and are consistent with inde-
pendently computed Clausis-Clapeyron slopes. We have
accurately computed the melting curve crossing of the
Earth’s geotherm indicating that below 1000 km, free
COg present in the lower mantle would exist in a poly-
meric solid state, having significant implications for geo-
chemical processes such as the melting of mantle rocks.
The accuracy of our calculations is verified by the ex-
cellent agreement between the computed and measured
triple point and the low-P melting curve. We do not
observe a transition from the non-molecular solid phase
V of COs into a dissociated diamond and oxygen phase.
Interesting extensions of this work could include extend-
ing the study to even higher pressures or considering the
presence of mantle minerals and the effect they may have
on the CO5 melting curve relative to the geotherm.
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